Nickel-and cobalt-doped magnetites were prepared by a co-precipitation method and studied in some detail, in an effort to identify some effects of the doping cations on the magnetic, crystallographic and morphological properties of the resulting spinel. The synthetic samples were characterized by conventional chemical analysis, powder X-ray diffractometry, Mössbauer spectroscopy, saturation magnetization and scanning electron microscopy. From chemical analysis, the continuous increase of Ni 2+ or Co 2+ is accompanied by a simultaneous decrease of the Fe 2+ contents, in the spinel structure. The magnetization values also decrease continuously with increasing doping cation contents. Mössbauer parameters are characteristic of substituted magnetites and indicate the presence of a single phase only. Based on the inverted intensities of the lines 1 (leftmost, on the negative Doppler velocity scale) and 2 of Mössbauer spectra of doped samples, relatively to the pure magnetite, it was assumed that the isomorphical substitution occurs preferentially on octahedral coordination sites of the spinel structure. The coercive field of these ferrites decrease steadily with Ni 2+ but increases with Co 2+ contents, reaching a maximum at x = 0.38, in the general formula Co x Fe 3-x O 4 .
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of the doped-magnetite may vary, depending on the synthesis conditions 6, 7 . The replacement of Fe 2+ by Co 2+ or Ni 2+ does not change essentially the nature of crystallographic structure but its unit cell dimension. The cation distribution in spinels has long been a topic of interest as it affects their magnetic, electric and thermodynamic propertiesb [8] [9] [10] . In addition, it has been found that ferrite particles of similar composition differ on their magnetic properties depending on the preparation method. One reason for such a behavior is believed to be differences in particle size. Decreasing the particle sizes leads to an increase of non-magnetic species on the particle surface 6 . Various preparation procedures, including hydrothermal, co-precipition, sol-gel methods and mechanical alloying have been reportedly used to produce ferrites 11 . Following the chemical via, some coarse particles may be formed due to agglomeration during the dehydration step.
Introduction
Magnetic ferrites are used in many technological applications as those of permanent magnets, microwave absorbers, catalysts and chemical sensors [1] [2] [3] . Magnetite and cationsubstituted magnetites are some of the most extensively studied spinels. Despite of that, certain aspects of their electronic and magnetic properties are still not fully understood. The electrical conductivity mechanism of spinel ferrites containing Fe 2+ ions is explained by the electron hopping effect between Fe 2+ and Fe 3+ ions in octahedral sites 4, 5 . The cation distribution between tetrahedral (A) and octahedral (B) sites is a fundamental aspect on the understanding of their magnetic properties. Nickel-doped magnetite, Ni x Fe 3-x O 4 , is an inverse spinel in which the Co 2+ are assumed to occupy preferentially B sites whereas Fe 3+ are somehow distributed between A and B sites. The degree of inversion (meaning the proportion of divalent cations occupying octahedral sites)
In the present paper we report the preparation of nickeland cobalt-doped magnetites by a co-precipitation method and some analysis of their cation distribution, by means of X-ray diffractometry (XRD), Mössbauer spectroscopy, saturation magnetization and scanning electron microscopy (SEM). 13 . Fe 2+ was determined by dissolving samples in concentrated HCl under a CO 2 atmosphere, followed by the volumetric determination with K 2 Cr 2 O 7 . The morphology of the produced grains was determined by scanning electron microscopy (Jeol JSM-840 A). The X-ray diffraction patterns were obtained with a Rigaku Geigerflex diffractometer using CuKa radiation. Results confirm the existence of the spinel phase only. NaCl was used as internal standard. The Mössbauer spectra were obtained with a conventional constant acceleration transmission setup and a Co 57 /Rh source. The isomer shifts are quoted relatively to α-Fe. The saturation magnetization measurements were performed with a portable magnetometer 14 . Magnetization curves as a function of the applied magnetic field were performed in a conventional vibrating sample magnetometer, at room temperature.
Experimental methods
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Results and discussion
The proposed chemical formulae and measured magnetization of all samples are listed in rameters indicate a progressive decreasing of the relative subspectral areas corresponding to the octahedral iron of the spinel structure. Fig. 1 . It is verified that the more magnetite is doped with nickel the more it tends to form uniform ag-glomerates of very small particles. Differently, Co-doped magnetites grow particles of octahedral habit.
XRD patterns show that all samples are well crystallized ( Fig. 2) with a cubic structure 16 , there is no appreciable line broadening or detectable sign of any other crystalline or amorphous phase.
The room temperature Mössbauer spectra show a typical hyperfine pattern consisting of two overlapping six-line magnetic splitting structure, in all samples (Fig. 3) , assignable to 57 Fe in octahedral and in tetrahedral sites of the spinel lattice. The recoilless fraction of the octahedral iron (f {Fe 3+/2+ } ) is assumed to be 6 % lower than that of the tetrahedral site (f [Fe 3+ ] ), at room temperature 6 . The so deduced values are presented in Table 1 . The ratio decreases with increasing cobalt or nickel contents. Also, the hyperfine magnetic field of the tetrahedral site remains essentially unaltered whereas that of the octahedral iron increases with increasing cobalt contents in the spinel structure. This may indicate that the foreign ions tend to replace referentially iron in octahedral coordination.
The saturation magnetization and the coercive field at room temperature depend on the concentration of Ni 2+ or Co 2+ . The hysteresis loop of the pure magnetite is compared with those of the doped-samplles in Fig. 4 . It can be observed that the coercive field decreases steadily with Ni 2+ content but increases with Co 2+ , reaching a maximum at x = 0.38, in the general formula, Co x Fe 3-x O 4 . One can also see that the saturation magnetization limit is higher and that the coercive field strongly depends on the cobalt proportion. It is well known that the saturation magnetization of a spinel ferrite largely depends on its composition and particle size, while the coercive field depends on composition, particle size and shape. Likewise, the coercive field of these ferrites decreases with the degree of Ni 2+ substitution. This can be interpreted as being due to the fact that the magnetocrystalline anisotropy constant of Fe 3 O 4 is higher than that of NiFe 2 O 4 .
Conclusions
The present study showed that for Co x Fe 3-x O 4 (0 ≤ x ≤ 0.75) and Ni x Fe 3-x O 4 (0 ≤ x ≤ 0.54) samples obtained by a co-precipitation synthesis, room temperature Mössbauer spectra evidence an increase of the hyperfine magnetic field due to 57 Fe in octahedral coordination sites, according to the doping degree of the resulting spinel. In both cases, Ni 2+ and Co 2+ , doping-cations tend to replace iron preferentially in octahedral coordination sites. The more the magnetite is doped with nickel the more it tends to form uniform agglomerates of very small particles, whilst Codoped magnetites tend to grow particles of octahedral habit. The room temperature magnetic hysteresis loops of these doped-magnetites depend on their composition and particle size. The coercive field decreases with Ni 2+ and increases with the Co 2+ substitution. 
